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Natural killer (NK) cells eliminate virally infected
and tumor cells. Among the receptors regulat-
ing NK cell function is 2B4 (CD244), a member
of the signaling lymphocyte-activation mole-
cule (SLAM) family that binds CD48. 2B4 is the
only heterophilic receptor of the SLAM family,
whose other members, e.g., NK-T-B-antigen
(NTB-A), are self-ligands. We determined the
structure of the complex between the N-termi-
nal domains of mouse 2B4 and CD48, as well
as the structures of unbound 2B4 and CD48.
The complex displayed an association mode
related to, yet distinct from, that of the NTB-A
dimer. Binding was accompanied by the rigidi-
fication of flexible 2B4 regions containing most
of the polymorphic residues across different
species and receptor isoforms. We propose a
model for 2B4-CD48 interactions that permits
the intermixing of SLAM receptors with major
histocompatibility complex-specific receptors
in the NK cell immune synapse. This analysis
revealed the basis for heterophilic recognition
within the SLAM family.
INTRODUCTION
Natural killer (NK) cells are a fundamental component of
innate immunity against tumors and virally infected cells.
The cytolytic activity of NK cells is regulated by a dynamic
interplay between activating and inhibitory signals trans-
mitted by distinct classes of receptors found on their sur-
face (Plougastel and Yokoyama, 2003; Lanier, 2005). The
dominant signal received by an NK cell through its interac-
tion with normal numbers ofmajor histocompatibility com-
plex (MHC) class I molecules on target cells is inhibitory. If
the number of MHC class I molecules is reduced through
infectious or tumorigenic processes, this inhibitory signal572 Immunity 27, 572–584, October 2007 ª2007 Elsevier Inc.is attenuated and the NK cell is activated. Inhibitory recep-
tors specific for MHC class I include the killer immuno-
globulin-like receptors (KIRs), members of the Ly49 family,
and CD94-natural killer group 2A (CD94-NKG2A) (Natara-
jan et al., 2002; Deng and Mariuzza, 2006). Activating
receptors include NK-T-B-antigen (NTB-A), natural killer
receptor protein 1 (NKR-P1), DNAX accessory molecule
1 (DNAM-1), NKp30, and NKp46, whose ligands are
non-MHC molecules (e.g., C-type lectin-related molecule
1 [Clr1] for NKR-P1 and CD155 for DNAM-1) (Moretta
et al., 2006). In addition, the NK receptor 2B4 (CD244),
which binds CD48, has been shown to mediate both acti-
vating and inhibitory functions (see below). The balance
between positive-signaling receptors (resulting in target-
cell lysis) and negative-signaling receptors (preventing
lysis) ultimately determines the outcome of NK cell-target
cell encounters (Plougastel and Yokoyama, 2003; Lanier,
2005). During such encounters, highly organized com-
plexes of receptors and other molecules, termed NK cell
immune synapses, are formed at the NK cell-target cell
interface. Moreover, these synapses appear to differ in
cytolytic and noncytolytic interactions (Davis et al., 1999;
Vyas et al., 2001; Vyas et al., 2002; Orange et al., 2003).
2B4 and NTB-A belong to the signaling lymphocyte-
activation molecule (SLAM) family of receptors, which
also includes SLAM (CD150), CD84, lymphocyte antigen
9 (Ly9; CD229), and CD2-like receptor-activating cyto-
toxic cells (CRACC; CD319) (Veillette, 2006; Ma et al.,
2007). The SLAM family is a subset of the greater CD2
family, whose members comprise a ligand-binding immu-
noglobin V (IgV) domain, distal from the cell membrane,
and a membrane-proximal IgC2 domain. SLAM family re-
ceptors are expressed by a wide range of hematopoietic
cells and regulate both innate and adaptive immunity (Veil-
lette, 2006; Ma et al., 2007). With the sole exception of
2B4, which is present on all NK cells, in addition to subsets
of gd and CD8+ T cells, all SLAM family receptors are
homophilic because they are self-ligands (Assarsson
et al., 2005; Veillette, 2006). By contrast, 2B4 participates
in heterophilic interactions with CD48, which is broadly
expressed on immune cells (Brown et al., 1998; Latchman
et al., 1998). As demonstrated with gene-deficient mice,
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NK Cell Receptor 2B4 Bound to CD482B4-CD48 interactions are essential for interleukin-2
(IL-2)-driven expansion and activation of NK cells, as
well as for efficient NK-mediated cytotoxicity and tumor
clearance (Lee et al., 2006).
In humans, NK cell activation through 2B4 is accompa-
nied by the phosphorylation of immunoreceptor tyrosine-
based switch motifs (ITSMs) in its cytoplasmic tail and the
recruitment of SLAM-associated protein (SAP), an SH2
domain-containing adaptor (Chen et al., 2004; Eissmann
et al., 2005). This association is crucial for 2B4 to deliver
activating signals to NK cells (Tangye et al., 2000; Naka-
jima et al., 2000; Parolini et al., 2000; Bloch-Queyrat
et al., 2005). SAP is mutated in human X-linked lympho-
proliferative disease, a severe immunodeficiency charac-
terized by an inability to control Epstein-Barr virus (EBV)
infection (Veillette, 2006), such that it cannot associate
with 2B4. In these patients, 2B4 fails to activate NK-medi-
ated lysis of EBV-infected cells upon binding CD48.
Surprisingly, 2B4 has also been found to act as an inhib-
itory NK receptor, at least in mice (Assarsson et al., 2005;
Veillette, 2006). Thus, several studies of 2B4-deficient
mice have shown that that 2B4 inhibits, rather than in-
creases, NK-mediated killing of CD48-expressing target
cells (Lee et al., 2004; Vaidya et al., 2005; McNerney
et al., 2005). In thisway, 2B4 could participate in conferring
self-tolerance to immature NK cells that lack inhibitory re-
ceptors for self-MHC class I molecules (Fernandez et al.,
2005; Kumar and McNerney, 2005). Although the factors
influencing whether 2B4 is stimulatory or inhibitory are un-
known, this heterophilic SLAM family receptor appears to
be more multifunctional than previously appreciated.
Despite the importance of 2B4-CD48 interactions for
the regulation of NK cell activity, structural studies have
been confined to the individual proteins: a solution nuclear
magnetic resonance (NMR) structure ofmouse 2B4 (Ames
et al., 2005) and an X-ray crystal structure of rat CD48
(Evans et al., 2006). To understand 2B4-CD48 recognition,
we determined the crystal structures of mouse 2B4 and
CD48 in both bound and free forms and identified key in-
teractions through the mutational analysis of 2B4. The
comparison of the 2B4-CD48 structure with those of the
NTB-A and CD84 homophilic dimers (Cao et al., 2006;
Yan et al., 2007), and of the CD2-CD58 complex (Wang
et al., 1999), revealed the basis for hetero- versus homo-
philic recognition within the SLAM family of receptors.
We further propose a model for 2B4-CD48 interactions
at the NK cell immune synapse that would allow the local-
ization of SLAM family receptors with NK receptors that
monitor MHC or MHC-like molecules on target cells.
RESULTS
Structure Determination
A soluble version of 2B4, consisting of the ligand-binding
IgV domain alone, was expressed in bacterial inclusion
bodies and folded in vitro as described previously (Ames
et al., 2005). However, initial attempts to produce the IgV
portion of CD48 by this approach were unsuccessful, pos-
sibly because of the instability of the isolated domain.Accordingly, we used in vitro-directed evolution (yeast
display) to isolate stable variants ofCD48. It hasbeendem-
onstrated for several proteins that the efficiency of yeast
surface display can serve as a proxy screening variable
for the enhanced thermal stability and folding efficiency
of mutant proteins (Kowalski et al., 1998; Kieke et al.,
1999; Esteban and Zhao, 2004). Accordingly, a library of
randomly mutated CD48 molecules was displayed on the
surface of yeast by fusion to the agglutinin receptor. We
sorted the library by flowcytometry for binding to a fluores-
cent-labeled CD48 antibody and isolated variants with in-
creased reactivity. For further study, we chose a clone that
differed from the wild-type at two positions (Thr-Tyr12 and
Lys-Arg30). As revealed subsequently by the 2B4-CD48
structure, neither position is involved in interactions with
2B4. In marked contrast to the wild-type, the mutant
CD48 IgV domain could be efficiently folded in vitro after
expression in bacterial inclusion bodies; this mutant was
used for all subsequent experiments.
As measured by surface plasmon resonance (SPR), sol-
uble CD48 bound to immobilized 2B4 with an equilibrium
dissociation constant (KD) of 4 mM,with very fast on and off
rates (Figure 1A). This affinity is similar to that previously
reported for recombinant mouse 2B4 and CD48 produced
in eukaryotic cells (KD = 16 mM) (Brown et al., 1998), dem-
onstrating that the bacterially expressed proteins are
correctly folded and fully active.
The crystal structure of the 2B4-CD48 complex was de-
termined bymolecular replacement to a resolution of 1.6 A˚
(Table 1). The final model was refined to Rwork and Rfree
values of 19.0% and 24.3%, respectively. All residues
were in unambiguous electron density, except a few at
the N and C termini of both proteins. In addition, we deter-
mined the structures of 2B4 and CD48 in free form to res-
olutions of 2.4 A˚ and 1.7 A˚, respectively (see below).
Overall Structure
The 2B4 and CD48 N-terminal domains each contain nine
b strands assembled into two antiparallel b sheets of
strands designated AGFCC0C00 and DEB (Figure 2A). Like
other CD2 family members, the 2B4 and CD48 ligand-
binding domains lack the canonical disulfide bond that
links the B and F strands in other IgV domains. However,
2B4 has a noncanonical disulfide bridge between Cys3
and Cys100 that stabilizes an unusually long parallel
b structure between strands A and G, imparting a convex
curvature to the outer surface of the six-stranded b sheet
(AGFCC0C00). The mouse CD48 IgV domain is similar in
overall topology to the corresponding domains of CD2
and CD58 (room mean square [r.m.s.] differences of 1.1,
1.1, and 1.3 A˚ for 74, 74, and 82 equivalent Ca atoms for
rat CD2, human CD2, and human CD58, respectively).
2B4 and CD48 differ from each other (and from other
CD2 family members) in several important respects,
involving regions implicated in ligand recognition. Most
prominently, the CC0 loop of 2B4 is four residues longer
than the corresponding loop of CD48 (two and five resi-
dues longer when compared to CD2 and CD58, respec-
tively).Immunity 27, 572–584, October 2007 ª2007 Elsevier Inc. 573
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NK Cell Receptor 2B4 Bound to CD48In the 2B4-CD48 complex, the AGFCC0C00 b sheet of
2B4 interacts face to face with the corresponding b sheet
of CD48, such that the two sheets contact each other at an
75 angle, defined as the amount 2B4must be rotated to
align its AGFCC0C00 b sheet with that of CD48 (Figure 2A).
The contact area is centered on the C and C0 strands for
both 2B4 and CD48. This association mode shows overall
similarities to that observed in the CD2-CD58 heterophilic
complex (Wang et al., 1999), but it differs in the detailed ar-
chitecture and physicochemical properties of the interface
(see below). In the NTB-A and CD84 homophilic com-
plexes, whose interfaces are also formed by juxtaposed
AGFCC0C00 sheets from the IgV domains (Cao et al.,
2006; Yan et al., 2007), the b strands associate at a mark-
edly different angle (115).
The 2B4-CD48 Heterophilic Interface
The interface between 2B4 and CD48 (Figure 2B) is con-
siderably more symmetrical than that between CD2 and
CD58, but it is less so than the NTB-A (or CD84) homo-
Figure 1. Equilibrium Binding ofWild-Type andMutant 2B4 to
CD48
SPR sensograms for the interaction of wild-type 2B4 (225, 112, 56,
33.8, 28.2, 16.9, 14.1, 7.0, 3.5, 1.8 mM) (A) and 2B4 E91A mutant
(552, 276, 138, 69, 55.2, 34.4, 27.6 mM) (B) with immobilized CD48
(700 RU) after correction for nonspecific binding. Inset plots show non-
linear steady-state affinity analysis of the equilibrium binding data.KD =
4 mM for wild-type 2B4; KD = 130 mM for 2B4 E91A.574 Immunity 27, 572–584, October 2007 ª2007 Elsevier Inc.dimer interface, which displays approximate 2-fold sym-
metry. In the 2B4-CD48 complex, the FG loop of each IgV
domain contacts the CC0 loop of its partner (Figure 2B). At
one corner of the interface, the FG loop of 2B4 makes six
hydrogen bonds with the CC0 loop of CD48, all involving
main chain atoms of 2B4 (Table 2). At the opposite corner,
the FG loop of CD48 engages the CC0 loop of 2B4 through
a combination of two salt bridges and five hydrogen
bonds, as well as numerous main chain-main chain con-
tacts. By contrast, in the less symmetrical CD2-CD58 in-
terface, only the FG loop of CD2 makes main chain-main
chain interactions with the CC0 loop of CD58, a distinction
best appreciated by the superimpositon the two hetero-
philic complexes (Figure 2C). In addition to the FG and
CC0 loops, b strands C, C0, F and G, and loop C0C00 of both
2B4 and CD48 contribute to the binding interface, as does
loop C00D of CD48 (Figures 3A and 3B). The only contact-
ing residue outside of this region is Asp5 of 2B4, located
immediately before b strand A, which forms two side
chain-side chain hydrogen bonds with Asn39 of CD48
(Table 2). However, Asp5 is replaced by glycine in rat and
human 2B4, implying that these interactions are not requi-
site for complex stabilization.
Whereasmost (20 of 32) contacting residues in the 2B4-
CD48 heterophilic interface are located in loops (Figures
3B, 3E, and 3F), the NTB-A homophilic interface is formed
mainly by strand-to-strand contacts involving strands C,
C0, C00, and F (Figures 3D and 3F). This distinction results
from different dimerization geometries in the hetero- ver-
sus homophilic complexes (Figures 3A and 3C), as evident
from superimpositon CD48 onto one NTB-A monomer
and comparing the placement of 2B4 and the second
NTB-A monomer, which are related by a translation of
8 A˚ and rotation of 30.
The 2B4-CD48 complex buries a total solvent-accessi-
ble surface of 1564 A˚2, of which 803 A˚2 is contributed by
2B4 and 761 A˚2 by CD48. This is similar to the total surface
buried in the NTB-A complex (1583 A˚2) but substantially
greater than that in the CD2-CD58 complex (1161 A˚2).
The structural features that account for the difference be-
tween the two heterophilic complexes include the rela-
tively long CC0 loop and C0 b strand of 2B4. In addition,
CD48 uses not only the FG loop but also b strands F and
G to engage 2B4, whereas CD58 contacts CD2 only
through the FG loop (Figure 3F).
The 2B4-CD48 interface is predominantly hydrophilic
and includes 32 bound water molecules, of which nine
are completely inaccessible to bulk solvent (Figure 4A).
Ten of the interfacial waters mediate 28 hydrogen bonds
between 2B4 and CD48, which form an extensive inter-
linking network. By contrast, no interfacial waters were re-
ported for the CD2-CD58 and NTB-A complexes, possibly
because of the lower resolution of these structures (3 A˚).
Indeed, interfacial waters were found in the CD84 homo-
dimer (2 A˚ resolution), whose interface, like that of the
2B4-CD48 heterodimer, is mainly hydrophilic (Yan et al.,
2007). The 2B4-CD48 interface is characterized by mod-
erate shape complementarity, based on a shape correla-
tion statistic (Sc) of 0.69 (Sc = 1.0 for perfect geometric
Immunity
NK Cell Receptor 2B4 Bound to CD48Table 1. X-ray Crystallographic Statistics
2B4-CD48 2B4 CD48
Data-Processing Statistics
Resolution limit (A˚)a 1.63 (1.69-1.63) 2.38 (2.44-2.38) 1.66 (1.72-1.66)
Space group C2 P21212 I41
Cell dimensions (A˚, ) a = 67.7 b = 37.0 c = 94.6 b = 108.7 a = 79.0 b = 183.3 c = 59.7 a = 78.8 c = 31.3
Unique reflectionsa 28061 (2733) 34221 (2963) 11309 (1041)
Completeness (%)a 99.1 (97.4) 97.0 (85.7) 97.2 (81.5)
Rmerge (%)
a,b 5.5 (18.0) 4.5 (28.8) 4.7 (20.0)
I/sI
a 53.6 (8.0) 33.4 (4.2) 66.7 (8.4)
Refinement Statistics
Rwork (%)
c 19.0 22.4 20.2
Rfree (%)
c 24.3 26.9 26.1
Number of atoms: protein/H2O/SO4
2 1704/213/5 3307/128 797/81
Mean B Values (A˚2)
Main chains 18.3 47.1 22.6
Side chains 22.0 47.5 26.0
H2O 31.2 47.5 34.6
RMSDs from Ideality
Bond lengths (A˚) 0.019 0.014 0.018
Bond angles () 1.78 1.55 1.76
Ramachandran-Plot Statistics
Most favored (%) 89.7 88.3 91.6
Additionally allowed (%) 9.2 10.9 7.2
Generally allowed (%) 1.1 0.8 1.2
Disallowed (%) 0 0 0
a Values in the parentheses are statistics of the highest resolution shell.
bRmerge =
PjIj  < I > j/
P
Ij, where Ij is the intensity of an individual reflection and < I > is the average intensity of that reflection.
cRwork =
PjjFoj  jFcjj/
PjFoj, where Fc is the calculated structure factor. Rfree is as for Rwork but calculated for a randomly selected
5.0% of reflections not included in the refinement.fits) (Lawrence andColman, 1993), which is comparable to
theSc value of theNTB-A dimer (0.68) but greater than that
of the CD2-CD58 interface (0.56). Despite these differ-
ences, and those in buried surface areas indicated above,
all three complexes display surprisingly similar affinities
(KD 5 mM) (van der Merwe et al., 1994; Cao et al., 2006).
In the complex, 18 2B4 residues interact with 14 CD48
residues through a combination of 18 direct hydrogen
bonds and six salt bridges (Table 2; Figure 4A). The inter-
face shows clear electrostatic complementarity, based on
mapping pairs of interacting charged residues onto the
electrostatic potential surfaces of the two proteins (Fig-
ures 4B and 4C). Although the 2B4-CD48 interface, like
that of CD2-CD58, is dominated by polar interactions,
the CD2-CD58 interface contains nearly twice the number
of salt bridges (ten versus six) and considerably fewer hy-
drogen bonds (five versus 18). Both heterophilic interfaces
are less hydrophobic than the NTB-A homophilic inter-
face, which includes a tight cluster of symmetry-related
aromatic residues (Cao et al., 2006). In the 2B4-CD48complex, contacting residues 2B4 Gly97 and CD48
Phe54 contribute the greatest number of hydrophobic
interactions.
Both 2B4 and CD48 exist as highly glycosylated pro-
teins on the cell surface. (Schatzle et al., 1999; Killeen
et al., 1988). However, all predicted N-linked glycosylation
sites in the 2B4 and CD48 IgV domains lie outside of the
binding interface (Figures 3E and 3F) or are not conserved
between different isoforms, suggesting that oligosaccha-
rides do not directly influence recognition. For example,
although 2B4 from 129/Svj mice possesses a potential
N-linked glycosylation site in the FG loop, which contacts
CD48 in the structure, this site is not conserved across
mouse strains, including C57BL/6.
Basis for Binding Specificity
Of the 18 residues of mouse 2B4 that contact CD48 in the
complex, only five (Lys35, Glu91, Thr93, Gly97, and Val99)
are conserved in human and rat 2B4 and in different iso-
forms of the mouse receptor (Figure 3E). By comparison,Immunity 27, 572–584, October 2007 ª2007 Elsevier Inc. 575
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NK Cell Receptor 2B4 Bound to CD48Figure 2. Structure of the 2B4-CD48 Complex
(A) Ribbon diagram of the 2B4-CD48 complex showing the face-to-face interaction between the AGFCC0C00 b sheets of the two IgV domains. 2B4 is
rose and CD48 is gold; b strands are labeled.
(B) The complex rotated 90 clockwise about the vertical axis with respect to the view in (A). Loops that contribute to the binding interface are labeled.
(C) Superposition of the 2B4-CD48 and CD2-CD58 complexes (tube diagram). Equivalent Ca atoms of 2B4 were superposed onto CD2, and equiv-
alent Ca atoms of CD48 were superposed onto CD58, with the program Superpose Molecules (Collaborative Computational Project, Number 4,
1994). 2B4 is rose, CD48 is gold, CD2 is cyan, and CD58 is green. The complexes are oriented as in (B).a higher proportion of contacting residues of mouse CD48
(8 of 14) are conserved in the rat and human proteins. We
have identified several key interactions by mutational
analysis. Among the conserved contacting residues of
2B4, Lys35 is located in strand C, Glu91 and Thr93 instrand F, and Gly97 and Val99 in loop FG. In the complex,
Lys35 and Glu91 each form salt bridges to conserved res-
idues of CD48 (Asp93 and Arg87, respectively), and these
salt bridges could serve as key anchor points for 2B4
across different species (Table 2). Consistent with thisTable 2. Interactions between 2B4 and CD48
2B4
CD48 CD48
Hydrogen Bonds and Salt Bridges (Underlined) Van der Waals Contacts
D5 D5(Od1)–N39(Nd2), D5(Od2)–N39(Nd2) K38, N39
Q33 Q33(O31)–R31(Nh2) R31
K35 K35(Nz)–E93(O31) E93
E38 T92
R43 R43(N3)–T92(Og1), R43(Nh2)–E91(O32), R43(Nh2)–T92(O), R43(Nh2)–T92(Og1) E91, T92, E93, N94
K44 K44(N)–E93(O), K44(O)–E93(N) T92, E93
E46 E46(O32)–R31(Nh1), E46(O32)–R31(Nh2) R31
N49 N49(Od1)–R31(Nh1) R31
Y51 R31, N46
E91 E91(O32)–R87(Nh1), E91(O31)–R87(Nh1) R87
T93 T93(Og1)–K41(Nz) K41, F54
N94 F54
T95 T95(O)–E55(N) F54, E55
G96 G96(O)–Q40(N32) Q40, F54, E55, S56
G97 G97(O)–Q40(N32), G97(O)–K41(N) N39, Q40, K41, F54
K98 N39, Q40
V99 V99(N)–N39(O), V99(O)–N39(Nd2) K38, N39, K41
N101 N101(Od1)–K38(O), N101(Od1)–N39(Nd2) K38
576 Immunity 27, 572–584, October 2007 ª2007 Elsevier Inc.
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NK Cell Receptor 2B4 Bound to CD48idea, the mutation of 2B4 Glu91 to alanine reduced bind-
ing to CD48 by 97% (KD = 130 mM versus 4 mM for wild-
type 2B4), as measured by SPR (Figure 1B; Table 3). Sim-
ilarly, alanine substitution of 2B4 Lys35 decreased the
affinity for CD48 by 98%. A less pronounced (91%),
though still significant, effect on binding resulted from
mutation of 2B4 Thr93, which forms a side chain-side
chain hydrogen bondwith conservedCD48 residue Lys41.
The remaining two conserved contacting residues of 2B4,
Gly97, and Val99, also interact with CD48 at conserved
(Gln40, Lys41), or conservatively substituted (Asn or
Asp39) positions (Figure 3F). By contrast, alanine substitu-
tion of 2B4 Thr95, which is not conserved in human 2B4
and certain mouse isoforms (Figure 3E), has no effect on
affinity (Table 3). In a mutational study of human 2B4, res-
idues Lys68 and Glu70, which correspond to mouse 2B4
Asn49 and Tyr51 in the numbering system used here,
were shown to be critical for CD48 binding (Mathew
et al., 2005). Although not conserved in human 2B4, both
residues contact CD48 in the mouse complex (Figure 3E).
The relatively low sequence conservation on the 2B4
side of the interface (Figure 3E) can be understood in
terms of the complex structure, in conjunction with exam-
ination of 2B4 isoforms frommouse strains BALB/c, A.CA,
129/Svj, and NOD (the isoform studied here is from
C57BL/6). Amino acid differences among 2B4 receptors
from different strains are mainly restricted to loop regions,
including CD48-contacting loops CC0, C0C00, and FG (Fig-
ure 3E). To assess whether different 2B4 isoforms likely
bind CD48 with similar affinities, we measured the affinity
of 129/Svj 2B4 for CD48. This isoform bound CD48 with
KD = 10 mM, which is comparable to the KD of C57BL/6
2B4 (4 mM) (Table 3), despite sequence differences at 10
of 18 contacting positions, mostly in loops CC0 and FG
(Figure 3E). The ability of loop FG to tolerate substitutions
is explained, in part, by the finding that all six hydrogen
bonds to CD48 in the structure involve main chain, rather
than side chain, atoms of 2B4 (Table 2). Similarly, in loop
CC0, both hydrogen bonds between Lys44 (Asn in 129/
Svj 2B4) and CD48 Glu93 are main chain-main chain.
Other interacting residues that differ between C57BL/6
and 129/Svj 2B4, for example Glu/Val38 and Tyr/Asn51,
make only a few van der Waals contacts with CD48. More
difficult to explain is the apparent lack of an effect on bind-
ing from substitution of 2B4 Arg43 by threonine (in 129/Svj
2B4) or alanine (Table 3), even though this residue makes
multiple interactions with CD48 through its side chain (Ta-
ble 2). However, 2B4 Arg43 is located at the periphery of
the interface with CD48, where solvent rearrangements
could compensate for the loss of direct protein-protein
interactions at the mutation site, as observed in antigen-
antibody complexes (Li et al., 2003).
In addition to 2B4 andCD2, rat CD48 has been shown to
bind a third ligand, designated 2B4R (Kumaresan et al.,
2000) with an affinity comparable to 2B4 (Evans et al.,
2006). Unlike 2B4, 2B4R does not contain ITSMs in its
65 amino acid cytoplasmic domain, implying a different
role in NK cell function. Although rat 2B4R and 2B4 are
closely related (89% sequence identity), many (12 of 30)of the residues that distinguish the IgV domains of these
proteins correspond to ones forming the AGFCC0C00
ligand-binding face of mouse 2B4, such that rat 2B4R
and 2B4 differ at 11 of 18 predicted CD48-contacting po-
sitions (data not shown). However, as in the case ofmouse
2B4 isoforms, the conserved residues include Lys35,
Glu91, and Thr93, which are located in b strands and are
hot spots for CD48 recognition by mouse 2B4 (Table 3),
whereas the differences are mostly confined to loops
CC0 and FG.
Conformational Changes upon 2B4 Binding
to CD48
To identify possible conformational changes in 2B4 or
CD48 associated with complex formation, we determined
the structures of the unbound proteins to resolutions of 2.4
A˚ and 1.7 A˚, respectively (Table 1). The crystals contained
one (CD48) or four (2B4) molecules in the asymmetric unit.
Superposition of the four unbound 2B4 molecules gave
r.m.s. differences in the range of 0.4 to 0.5 A˚ for 99 a-car-
bon atoms, indicating close similarity. However, the CC0
loop (residues 38–43) of 2B4 is disordered in two of the
molecules in the asymmetric unit. In the other two mole-
cules, the CC0 loop is well defined, but two different con-
formations are evident, with an average displacement of
4.0 A˚ in the position of their in a-carbon atoms
(Figure 5A). Notably, one of these loop conformations is
close to that found in liganded 2B4 (r.m.s. difference of
1.5 A˚ in a-carbon positions), whereas the other would cre-
ate steric clashes with CD48. Thus, the CC0 loop of 2B4
appears to be intrinsically flexible, a property thatmight al-
low it to sample a wide range of conformations to rapidly
select an optimum one for recognizing the FG loop of
CD48. Conceivably, this flexibility might also enable 2B4
to recognize still-unidentified ligands besides CD48. By
contrast, the FG loop of 2B4, comprising residues 94–
99, is ordered in all four molecules in the asymmetric
unit and adopts nearly the same conformation in each
case, without involving any crystal contacts. Moreover,
this conformation closely resembles that present in the
2B4-CD48 complex (Figure 5A). Surprisingly, the opposite
was observed in the NMR structure of 2B4: Whereas the
CC0 loop was accurately defined, the FG loop appeared
to be dynamically disordered. This discrepancy might be
due in part to the different methods of structure determi-
nation. The C0C00 loop (residues 51–55) of CD48-bound
2B4 displays a different conformation from that in free
2B4 (average displacement of 2.8 A˚ in a-carbon positions)
(Figure 5A). However, it is unclear whether this difference
is attributable to ligand binding because only one C0C00
loop residue (Tyr51) contacts CD48 (Table 2).
Superposition of free CD48 onto CD48 in the complex
with 2B4 gave an r.m.s. difference in a-carbon positions
of 0.6 A˚, indicating no substantial conformational changes
upon binding (Figure 5B). However, as in the case of 2B4,
the CC0 loop of CD48 appears to be flexible because the
tip of this loop (residues 38–39) is disordered in the un-
bound structure. In the 2B4-CD48 complex, by contrast,
Lys38 and Asn39 are well defined and form severalImmunity 27, 572–584, October 2007 ª2007 Elsevier Inc. 577
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NK Cell Receptor 2B4 Bound to CD48Figure 4. The 2B4-CD48 Binding Inter-
face
(A) Stereo view of residues that participate in
hydrogen bond or salt bridge interactions at
the 2B4/CD48 interface (Table 2). 2B4 is rose
and CD48 is gold. The side chains of interact-
ing residues are drawn in ball-and-stick repre-
sentation, with carbon atoms in rose (2B4) or
gold (CD48), nitrogen atoms in blue, and
oxygen atoms in red. Bound waters mediating
hydrogen bonds between 2B4 and CD48 are
shown as green balls.
(B) Electrostatic potential surface of 2B4
viewed from the perspective of CD48 (tube
diagram). The view of the complex in (B) is
rotated90 counterclockwise about the verti-
cal axis compared to the view in (A). Solvent-
accessible surfaces of 2B4 are colored accord-
ing to electrostatic potential, with positively
charged regions in blue and negatively charged
regions in red. Electrostatic surface potentials
were calculated with GRASP (Nicholls et al.,
1991).
(C) Electrostatic potential surface of CD48 from
theperspectiveof 2B4 (tubediagram). The view
of the 2B4-CD48 complex in (C) is rotated 180
about the vertical axis with respect to the view
in (B). Four selected pairs of charged residues
(each pair labeled with a different color) that
form salt bridges across the 2B4-CD48 inter-
face are indicated on the surfaces, illustrating
their matched charged potentials and relative
positions on 2B4 (B) or CD48 (C).hydrogen bonds with 2B4 (Table 2). In the structure of rat
CD48 (Evans et al., 2006), which is very similar overall to
that of mouseCD48 (r.m.s. difference of 0.9 A˚ for 87 a-car-
bon atoms), the entire CC0 loop is ordered. Moreover, its
conformation differs significantly from that of the CC0
loop of 2B4-bound mouse CD48, with displacements in
a-carbon positions up to 4.6 A˚ (Figure 5B). Hence, it re-
mains to be determined whether the CC0 loop of rat
CD48 adopts a conformation resembling that of mouse
CD48 upon binding 2B4. Similar considerations apply to
the C0C00 loop of rat CD48 (Figure 5B).DISCUSSION
The SLAM family of receptors is a subset of the greater
CD2 family, which is believed to be the product of succes-
sive gene-duplication events. The overall structural simi-
larity of the 2B4-CD48 (or CD2-CD58) heterophilic and
NTB-A homophilic complexes, with interfaces formed by
juxtaposed AGFCC0C00 b sheets of the IgV domains, fur-
ther suggests that these molecules evolved from com-
mon ancestors having homophilic association properties.
However, because of differences in dimerizationFigure 3. Comparison of Hetero- and Homophilic Interactions by SLAM Family Receptors
(A and C) Overall arrangement of the 2B4-CD48 heterophilic and NTB-A homophilic dimers. CD48 and the upper NTB-A monomer are in the same
orientation. Residues contributing to the binding interfaces are highlighted in cyan. The N and C termini are indicated.
(B and D) Detailed view of the interfaces. CD48 and the upper NTB-A monomer are each rotated90 about the horizontal axis relative to (A) and (C),
respectively. Contacting residues are labeled.
(E and F) Structure-based alignment of CD2 family IgV domains. The b strands are shaded yellow and labeled A throughG; a helices are shaded green.
Potential N-linked glycosylation sites are underlined red. Contacting residues in the 2B4-CD48 heterophilic dimer are denoted with blue stars. Res-
idues involved in homophilic interactions in the NTB-A dimer are marked with green triangles (Cao et al., 2006). Residues contributing to the CD2-
CD58 heterophilic interface are denoted with red triangles (Wang et al., 1999). In (E), residues of 2B4 isoforms 129/Svj (UniProtKB-TrEMBL:
Q3TDI8) and Mmcast (Mus musculus castaneus, UniProtKB-TrEMBL: Q3S4B1) that are identical to 2B4 isoform C57BL/6 (UniProtKB-Swiss-Prot:
Q07763) residues have been omitted. In (F), residues of yeast-displayed mouse CD48 that differ from the wild-type sequence (Thr12, Lys30) are
indicated in red.Immunity 27, 572–584, October 2007 ª2007 Elsevier Inc. 579
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CD48 heterophilic interface are located in loops, whereas
the NTB-A homophilic interface is composed mainly of
strand-to-strand contacts. In both cases, however, the
key binding interactions are mediated by b strand (rather
than loop) residues, as indicated by mutational analysis
of 2B4 and by the fact that amino acid differences among
2B4 isoforms are largely confined to loop regions, in par-
ticular CD48-contacting loops CC0 and FG. Indeed, the
ability of the 2B4-CD48 interface to tolerate multiple muta-
tions while maintaining affinity and specificity is demon-
strated by our finding that 2B4 alleles from C57BL/6 and
129/Svj mice, whose sequences differ at most (10 of 18)
contacting positions, nevertheless bind CD48 with
comparable affinities (KD 5 mM). Accordingly, 2B4 func-
tion is probably conserved across mouse strains.
It is unknown why 2B4 acts mainly as an activating re-
ceptor in humans but as an inhibitory receptor in mice be-
cause it seems likely from the present analysis that human
and mouse 2B4 engage CD48 with similar docking topol-
ogies. Moreover, the human and mouse 2B4-CD48 inter-
Table 3. Affinity of 2B4 and 2B4 Mutants for CD48
2B4 KD (mM)
C57BL/6a 4
K35A 150
R43A 4
E91A 130
T93A 44
T95A 4
129/Svjb 10
aWild-type 2B4 from mouse strain C57BL/6.
bWild-type 2B4 from mouse strain 129/Svj.actions have comparable affinities (Brown et al., 1998). On
the other hand, there exist two isoforms of mouse 2B4 that
differ in their cytoplasmic domains and signaling capac-
ities, such that the relative quantities of these isoforms
could determine the specific response of NK cells to
2B4 ligation (Ma et al., 2007).
In rodents, CD48 binds CD2 in addition to 2B4, albeit
with 90% lower affinity (KD = 60 mM for the rat CD2-
CD48 pair) (Davis et al., 2003). In human, the interaction
between CD48 and CD2 is much weaker (KD > 0.5 mM)
and probably not biologically relevant (Brown et al.,
1998). Because sequence and structural homology be-
tween CD2 and 2B4 are lower than those between CD58
and CD48 (Figures 3E and 3F), especially at the binding
sites, the CD2-CD48 complex is likely to more closely re-
semble the CD2-CD58 complex (Wang et al., 1999) than
the 2B4-CD48 complex. This conclusion is also consistent
with availablemutagenesis data. For example, mutation of
rat CD48 Glu44 abolished binding to CD2 (Davis et al.,
1998), as did mutation of the corresponding residue of hu-
man CD58 (Glu37) (Wang et al., 1999). In the CD2-CD58
structure, CD58 Glu37 forms a salt bridge with CD2
Arg48, which is conserved in a model of the CD2-CD48
complex constructed by least-squares superposition of
CD2 and CD48 onto their counterparts in the CD2-CD58
complex (data not shown). However, in the 2B4-CD48
structure, CD48 Glu44 makes no contacts with 2B4 (Table
2) and probably contributes little to binding.
Based on comparisons of free and bound structures,
2B4 appears to be more intrinsically flexible than CD48,
most notably in loops CC0 and FG. In addition, CD48 ex-
hibits considerably less polymorphism than 2B4 across
different species and mouse strains. These differences
might reflect structural constraints on CD48 imposed by
the requirement that it recognize both 2B4 and CD2,
whereby variations in CD48 that seriously affect binding
to either partner are not tolerated.Figure 5. Conformational Changes in
2B4 and CD48 upon Complex Formation
(A) Superposition of bound (rose) and unbound
(dark green, cyan, gray, and orange, represent-
ing the four molecules in the asymmetric unit)
2B4.
(B) Superposition of bound (gold) and unbound
(blue) mouse CD48 and of unbound rat CD48
(light green) (Evans et al., 2006).
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NK Cell Receptor 2B4 Bound to CD48Figure 6. Hypothetical Models of Interactions at the NK Cell Immune Synapse
(A) Human NK cell immune synapse. The distance spanned by themodeled 2B4-CD48 complex is comparable to that spanned by the KIR2DL2-HLA-
Cw3 complex (PDB accession code 1EFX). Themodel of the extracellular region of 2B4 is based on the present 2B4-CD48 complex and the structure
of full-length CD2 (1HNG). The model of full-length CD48 is based on the chimeric rat CD48-CD2 structure (2DRU).
(B) Mouse NK cell immune synapse. The structure of the Ly49C-H-2Kb complex (1P4L) does not include the 70-residue stalk regions that connect the
Ly49C homodimer to the NK cell membrane. The stalks are drawn arbitrarily here.Upon NK cell-target cell interaction, a highly organized
complex of molecules, termed the NK cell immune syn-
apse, is formed at the contact area of both cells (Davis
et al., 1999; Vyas et al., 2001; Vyas et al., 2002). These
molecules include NK receptors that monitor MHC class
I expression on target cells (KIRs and Ly49s in human
and mouse, respectively), cytoskeletal proteins (F-actin,
tailin), integrins (CD11a, CD11b), and signaling molecules
(Lck, SHP-1) (Davis et al., 1999; Vyas et al., 2002; Orange
et al., 2003). Additionally, 2B4 and SAP are recruited to the
NK cell immune synapse during recognition of EBV-virus-
infected B cells by NK cells (Roda-Navarro et al., 2004).
It has been proposed that the unique compartmentali-
zation of molecules observed at immune synapses is reg-
ulated by a sorting mechanism based on molecular di-
mensions (van der Merwe et al., 2000; Bromley et al.,
2001). To compare the dimensions of 2B4-CD48 and
KIR-MHC complexes, both of which accumulate at the
NK cell immune synapse (Davis et al., 1999; Roda-Navarro
et al., 2004), we constructed amodel of the interaction be-
tween the entire extracellular regions of 2B4 and CD48
(IgV and IgC2 domains), based on the current structure
of the complex between their respective IgV domains
and the structure of full-length rat CD2 (Jones et al.,
1992) (Figure 6). The overall rod-like architecture of full-
length CD2 is the consequence of specific interactions be-
tween the IgV and IgC2 domains, several of which appear
to be conserved in 2B4 and CD48. These include hy-
drophobic interactions between 2B4 Val11 and Arg182
(corresponding to CD2 Tyr7 and Arg162), and between
Val13 and Ala183 (CD2 Ala9 and Val163). In addition,
2B4 Leu109 (CD2 Leu98) is predicted to contact several
residues from the IgC2 domain that are conserved in
CD2. Similarly, the interdomain interface of CD48 mightinclude a salt bridge between Lys78 and Asp104, corre-
sponding to that between Arg70 and Glu99 in CD2.
In the modeled complex between full-length 2B4 and
CD48, the distance spanned by the molecules is 115
A˚, which is approximately the distance bridged by human
KIR-HLA-C complexes (Boyington et al., 2000; Fan et al.,
2001) (Figure 6A). In the case of mouse Ly49-MHC com-
plexes (Dam et al., 2003; Deng and Mariuzza, 2006), the
C-type lectin-like domains of the receptor are tethered
to the NK cell membrane by exceptionally long (70 resi-
dues), and most likely flexible, stalk regions that should
allow the recruitment of Ly49-MHC and 2B4-CD48 com-
plexes to the immune synapse (Figure 6B).
On the basis of the structure of the NTB-A homophilic
dimer, which spans an end-to-end distance of 100 A˚, it
was proposed that all homophilic receptor pairs of the
SLAM family, with the exception of Ly9, have similar linear
dimensions (Cao et al., 2006). Because the 2B4-CD48 het-
erophilic dimer also measures 100 A˚, homo- and heter-
ophilic receptor pairs could potentially colocalize at the
NK cell immune synapse with a common set of SAP-re-
lated adaptors (SAP, EAT2, ERT) that recruit specific pro-
tein tyrosine kinases or phosphatases to the synapse. This
intermixing of signaling molecules would permit signal
modulation by SLAM family receptors in response to dif-
ferent stimuli, resulting in stimulation or inhibition of inter-
feron-g secretion and NK cell-mediated killing.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
The ligand-binding domain of 2B4 (residues 1–112) from C57BL/6
mice was expressed by in vitro folding from Escherichia coli inclusion
bodies as described (Ames et al., 2005). Mutants of 2B4 (K35A, R43A,Immunity 27, 572–584, October 2007 ª2007 Elsevier Inc. 581
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NK Cell Receptor 2B4 Bound to CD48E91A, T93A, and T95A) were produced and purified similarly to the
wild-type protein.
Initial attempts to express the ligand-binding domain of CD48 from
C57BL/6 mice by in vitro folding were unsuccessful. Accordingly, we
used yeast display to select stable variants (Kieke et al., 1999). The
IgV and IgC2 domains (residues 1–189) of CD48, minus the leader se-
quence and glycosylphosphatidylinositol anchor signal, were cloned
into a modified yeast display vector containing a tobacco etch virus
(TEV) cleavage site and c-myc C-terminal tag (pYD-TEV). We per-
formed error-prone polymerase chain reaction (PCR) on CD48 by ad-
justing the ratio of Mg2+ to Mn2+ to 6.67 to 1 to achieve an error rate of
approximately 1%. PCR products were ligated in vivo into pYD-TEV by
homologous recombination in yeast strain EBY-100 (Boder and
Wittrup, 2000). A library of approximately 1 3 107 independent trans-
formants was stained with anti-CD48-PE (BD PharMingen) and sorted
four times with a BD FACSAria high-speed cell sorter with progres-
sively lower concentrations of antibody at each successive sort. Pop-
ulations from the third and fourth sorts were plated on synthetic dex-
trose-casamino acids (SD-CAA) plates so that individual clones
could be isolated.
Several CD48-expressing clones were selected for higher expres-
sion and heat stability on the yeast surface. All these clones contained
a truncation at the beginning of the IgC2 domain; however, they bound
both CD48 antibody and soluble monomeric 2B4 at high levels. Of
these, a clone from the fourth sort was chosen for further study be-
cause it contained the fewest mutations, T12Y and K30R, both of
which were predicted to be outside the putative 2B4-binding site.
The mutant DNA sequence, encoding CD48 residues 1–106, was
cloned into pT7-7 (Novagen). Bacteria were grown at 37C to an absor-
bance of 0.6–0.8 at 600 nm, and 1mM isopropyl b-D-1-thiogalactopyr-
anoside (IPTG) was added. After incubation for 3 hr, the bacteria were
harvested by centrifugation and resuspended in 50 mM Tris-HCl (pH
8.0) containing 0.1 M NaCl and 2 mM ethylenediamine tetraacetic
acid (EDTA); cells were disrupted by sonication. Inclusion bodies
were washed with 50 mM Tris-HCl (pH 8.0), 0.1 M NaCl, and 0.5%
(v/v) Triton X-100 and then solubilized in 6 M guanidine-HCl and
100 mM Tris-HCl (pH 8.0).
For in vitro folding, solubilized CD48was diluted to a final concentra-
tion of 10 mg/ml into 0.8 M arginine, 100 mM Tris-HCl (pH 8.0), 2 mM
EDTA, and 1 mM dithiothreitol. After 2 days at 4C, the folding mixture
was concentrated, dialyzed against phosphate-buffered saline (pH
7.4), and applied to a Superdex 75 HR column (Amersham Biosci-
ences). Further purification was carried out with a MonoS column in
20 mM MES (pH 5.5).
Crystallization and Data Collection
Crystallization trials of purified proteins at 10 mg/ml in 20 mM Tris-HCl
(pH 7.5) were carried out at 4C in hanging drops. Crystals of unbound
2B4 grew in 0.1 mM Tris-HCl (pH 8.5) and 2.0 M ammonium dihydro-
gen phosphate. Free CD48 crystals were obtained from 30% (w/v)
PEG 8000, 100 mM sodium imidazole (pH 7.8), and 0.2 M NaCl. Crys-
tals of the 2B4-CD48 complex, purifiedwith a Superdex 75HR column,
grew in 1.6 M ammonium sulfate, 0.1 mM MES (pH 6.5), and 10%
dioxane.
For data collection, crystals of unbound 2B4 and CD48 were cryo-
protected in 20% (v/v) glycerol. Ammonium sulfate (3.5 M) was used
for the flash freezing of crystals of the 2B4-CD48 complex. X-ray dif-
fraction data for 2B4, CD48, and 2B4-CD48 were collected to resolu-
tions of 2.38 A˚, 1.66 A˚, and 1.63 A˚, respectively, at beamline X29 of the
Brookhaven National Synchrotron Light Source with an ADSC Quan-
tum-315 CCD detector. Data were indexed, integrated, and scaled
with HKL2000 (Otwinowski and Minor, 1997) (Table 1).
Structure Determination and Refinement
Diffraction data for the 2B4-CD48 complex were phased with coordi-
nates of a truncatedmodel of rat CD2 (Protein Data Bank [PDB] acces-
sion code 1HNG) (Jones et al., 1992) with the program Phaser (Storoni
et al., 2004). All of the residues of the model were replaced by polya-582 Immunity 27, 572–584, October 2007 ª2007 Elsevier Inc.lanine before refinement. The program RefMac 5.0 (Murshudov
et al., 1997) implemented in the CCP4 program suite (Collaborative
Computational Project, Number 4, 1994) was used for initial rigid-
body refinement and then iterative maximum-likelihood refinement.
Between refinement rounds, sA-weighted 2Fo – Fc and Fo – Fc maps
were calculated and used for the identification and building of the
side chains, truncated loops, and solvent molecules with the program
XtalView (McRee, 1999), and these were included in subsequent re-
finement cycles. The final refinement statistics are shown in Table 1.
Orientational and positional parameters of unbound 2B4 and CD48
molecules in their respective unit cells were obtained by molecular re-
placement with Phaser (Storoni et al., 2004). The truncated structures
of bound 2B4 and CD48 in the 2B4-CD48 complex were used as
search models. The resulting models were refined with RefMac 5.0
(Murshudov et al., 1997). Model building and identification of water
molecules were done with XtalView (McRee, 1999). The refinement
statistics for 2B4 and CD48 are given in Table 1.
Stereochemical parameters of all structures were evaluated with
PROCHECK (Laskowski et al., 1993). Interchain contact residues
were identified with the program CONTACT (Collaborative Computa-
tional Project, Number 4, 1994) and were defined as residues contain-
ing an atom% 4.0 A˚ from a residue of the partner chain. Buried surface
areas were calculated with SURFACE (Collaborative Computational
Project, Number 4, 1994) with a 1.4 A˚ probe radius. BobScript (Esnouf,
1999), Raster 3D (Bacon and Anderson, 1988), and GRASP (Nicholls
et al., 1991) were used for the preparation of the figures.
SPR Analysis
All binding experiments were performed at 25C with a BIAcore 1000
biosensor in phosphate-buffered saline (pH 7.4) running buffer.
CD48 or 2B4 (100 mg/ml) were covalently coupled to a CM5 sensor
chip via primary amine groups with an Amine Coupling Kit (BIAcore).
Various concentrations of 2B4 or CD48 were then serially injected
over the CD48 or 2B4 surface, respectively. Equilibrium affinity mea-
surements were performed at different flow rates (5–60 ml/min). Spe-
cific binding data were fitted with a 1:1 Langmuir binding model so
that dissociation constants (KDs) could be calculated.
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